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Abstract: This paper presents a model-based design optimization strategy for ground source 
heat pump systems with integrated solar photovoltaic thermal collectors (GSHP-PVT). A 
dimension reduction strategy using Morris global sensitivity analysis was first used to 
determine the key design parameters of the GSHP-PVT system. A model-based design 
optimization strategy was then formulated to identify the optimal values of the key design 
parameters to minimize the life-cycle cost (LCC) of the GSHP-PVT system, in which an 
artificial neural network (ANN) model was used for performance prediction and a genetic 
algorithm (GA) was implemented as the optimization technique. A simulation system of a 
GSHP-PVT system developed using TRNSYS was used to generate necessary performance 
data for dimension reduction analysis, and for the ANN model training and validation. The 
results showed that the ANN model used was able to provide an acceptable prediction of the 
operational cost of the GSHP-PVT system. In comparison to two baseline cases, the 20-year 




respectively, when using the optimal values determined by the proposed optimization strategy. 
This design optimization strategy can be potentially adapted to formulate the design 
optimization strategies for GSHP systems and other building energy systems.  
Keywords: Design optimization; Dimension reduction; GSHP; PVT; Artificial neural 
network; Genetic algorithm.  
 
Nomenclature  
A1, A2    coefficients 
Ac      floor area of the building (m2) 
Apvt     total area of the PVT collector (m2) 
B       distance between boreholes (m) 
C      coefficient  
Cb      drilling and grouting cost per meter ($/m) 
CEB     electricity buy price ($/kWh) 
CES     electricity sell price ($/kWh) 
Cma     annual maintenance cost of the system ($/year) 
Cop      annual operation cost of the system ($/year) 
Cp         cost of U-tube per meter ($/m) 
CPVT     price of PVT collectors per square meter ($/m2) 
D       outer diameter of water tube (mm) 




Econ     annual electricity consumption of the system (kWh/year) 
Egen     annual electricity generation of the system (kWh/year) 
EE     elementary effect ($) 
e       coefficient  
FR      heat removal efficiency factor 
f        coefficient  
G       incident solar radiation on the PVT collector (W/m2) 
hc       overall convection heat loss coefficient (W/m2K) 
hr       radiation heat loss coefficient (W/m2K) 
hw       convection heat loss coefficient due to the wind (W/m2K) 
Hb       borehole depth (m) 
IC       initial cost ($) 
j        number of design parameters 
k        number of elementary effects 
kabs      absorber thermal conductivity (W/m.K) 
kins      back insulation thermal conductivity (W/m.K) 
kg       grout material thermal conductivity (W/m.K) 
Labs      absorber plate thickness (mm) 
Lb       total borehole length (m) 
LCC     life cycle cost ($) 




Lp       total U-tube length (m) 
MC      maintenance cost ($) 
Mma      annual maintenance cost per square meter ($/m2) 
mpvt      circulating fluid mass flow rate per PVT tube (kg/s) 
Ng       number of glass covers 
Ns       number of simulations 
N        number of time steps 
Qu       useful thermal energy (kW) 
OC      operation cost ($) 
Pc       probability of crossover 
Pm       probability of mutation 
RC       replacement cost ($) 
r        discount rate 
rb        borehole radius (m) 
ro        U-tube outer radius (m) 
T        temperature (K) 
(UA)e    edge loss coefficient – area product (W/m.K) 
Ub       bottom loss coefficient (W/m2 K) 
UL       overall loss coefficient (W/m2 K) 
Ue       edge loss coefficient (W/m2 K) 




VTK      volume of water tank (L) 
W       water tube spacing (mm) 
xc        half shank space (m) 
α        absorptance 
γ       temperature coefficient 
εg        emittance of glass 
εp        emittance of PV plate 
η         efficiency  
µ        mean value of the elementary effects 
σ ′        Stefan’s Boltzmann constant (W/m2 K4) 
σ         standard deviation of the elementary effects 
τ         transmittance 
∆        increment 
Subscripts 
amb      ambient 
c         cell 
GHE      ground heat exchanger 
HP        heat pump 
in         inlet 
Pu        pump 




mp        mean plate 
pv         photovoltaic 
r          reference 
TK        tank 
th         thermal 
WH       water heater 
 
1. Introduction 
Ground source heat pump (GSHP) systems as one of the energy efficient and 
environmentally friendly technologies have been receiving wide attention [1, 2]. Solar 
photovoltaic thermal (PVT) collector is another promising technology which can produce 
both electricity and thermal energy simultaneously [3]. Appropriate integration of PVT 
collectors with GSHP systems could result in an efficient system that can provide cooling and 
heating as well as domestic hot water (DHW), offset the need of grid electricity and alleviate 
ground thermal imbalance.  
A significant number of studies have been performed to couple solar thermal collectors 
with GSHP systems and focused on the system performance evaluation [4-8], optimal design 
and intelligent control [9-13]. Recently, there was an increasing number of studies focusing 
on the integration of GSHP systems with PVT collectors, among which most of them were 
concentrated on the performance evaluation and performance comparison of GSHP-PVT 




[14-18]. For example, Bakker et al. [14] simulated the performance of a GSHP-PVT system 
in a dwelling with a floor area of 132 m2 in the Netherlands. The results showed that a PVT 
collector with an area of 54 m2 can cover the heating demand and nearly all electricity 
demand of the dwelling while keeping the long-term average ground temperature constant. 
Entchev et al. [15] and Canelli et al. [16] investigated the performance of a GSHP-PVT 
system to provide cooling, heating and DHW in load sharing applications in Ottawa (Canada) 
and Napoli (Italy), respectively. The results from Entchev et al. [15] showed that the 
GSHP-PVT system can result in an overall energy saving of 58% in comparison to a 
conventional system with boilers and chillers. The results from Canelli et al. [16] showed that, 
compared to a conventional system, the primary energy savings of the GSHP-PVT system 
were 53.1%. Brischoux and Bernier [17] examined the performance of a GSHP-PVT system 
for space heating and DHW heating. The results showed that the coupled GSHP-PVT system, 
in which the PVT collectors were cooled by the heat transfer fluid from the borehole, can 
provide 7.7% more electricity annually with a higher seasonal performance factor in 
comparison to an uncoupled system. The results from these studies demonstrated that the 
GSHP-PVT system can result in a better energy performance in comparison to conventional 
heating and cooling systems and/or stand-alone GSHP systems. However, the results from 
these studies were highly dependent on the size of the PVT collector used. 
Proper design of hybrid GSHP-PVT systems, however, has not been extensively studied. 
To date, only a limited number of studies examined the effect of key design parameters on the 




design parameters, such as location, wind velocity, size of PVT collector and total GHE 
length, on the energy performance of a hybrid GSHP system with unglazed PVT collector. 
Xia et al. [20] examined the influence of PVT collector size on the performance of a 
GSHP-PVT system in a heating dominated residential building, and determined the optimal 
PVT collector size for the case study building through an economic analysis. However, there 
is no study in the public domain that has optimally sized the whole GSHP-PVT system. The 
high initial investment of both GSHP and PVT collector makes the short-term economics of 
such systems unattractive and the optimization of the key design parameters of the 
GSHP-PVT system therefore becomes more important.  
Artificial neural network (ANN) has been widely used to analyze complex engineering 
problems [21, 22]. The main advantage of ANN models is that they can simulate 
multivariable problems with complex relationships among the variables and can approximate 
the implicit non-linear relationship between input and output variables by means of ‘learning’ 
with the training data [22, 23]. Genetic algorithm (GA) is known as an efficient optimization 
algorithm that can provide good solutions with random initializations [24, 25]. The use of 
ANN and GA to formulate optimization problems for buildings and building energy systems 
has been reported in a number of studies. For instance, Kalogirou [26] developed a design 
optimization method that combined ANN and GA to size the major design parameters of solar 
systems. The results showed that the optimal solutions obtained by using this proposed 
method increased the life cycle savings of 4.9% and 3.1% when subsidized and 




using the traditional trial-and-error method. Magnier and Haghighat [27] developed a 
multi-objective optimization method to optimize the thermal comfort and energy 
consumption of a residential house. In this method, a simulation-based ANN was used to 
characterize building behaviors and a GA was used to find the optimal solutions. The results 
from these studies indicated that the integration of ANN and GA could be potentially utilized 
to solve complex optimization problems and can result in reasonable solutions. 
In this study, a model-based design optimization strategy was developed to determine 
the optimal values of the key design parameters of a GSHP-PVT system, in which an 
artificial neural network (ANN) model was used for performance prediction and a genetic 
algorithm (GA) was used as the optimization technique. By integrating ANN with GA, the 
complex nonlinear characteristics of the system could be learned and predicted by the ANN 
model, and the design problem of the hybrid GSHP-PVT system could be potentially solved. 
To facilitate the design optimization, a dimension reduction strategy using Morris global 
sensitivity analysis was used to determine the key design parameters of the GSHP-PVT 
system. A simulation system of the GSHP-PVT system was also developed and used to 
generate necessary data for the dimension reduction analysis and ANN model training and 
validation. The methodology used to formulate this design optimization strategy can be 
adapted to develop advanced design optimization strategies for hybrid GSHP-PVT systems 
suitable for real applications. The results obtained from this study could also be used to guide 




2. System development and simulation 
2.1 System development 
A GSHP system integrated with a water-based PVT collector, as shown in Fig. 1, was 
used to provide heating and cooling demand, and domestic hot water (DHW) for 
heating-dominated buildings. The hybrid system consisted of a PVT collector, a water tank 
with immersed heat exchangers, a water-to-water heat pump unit, three water circulation 
pumps, a vertical ground heat exchanger (GHE) loop, an indoor air-handling unit (AHU) and 
an electric water heater. This system can operate under different modes, as described in Table 
1, to provide functional requirements to the house through on-off control of the isolation 
valves.  
In this system, the GSHP system is mainly used to provide a fraction of heating demand 
and the total cooling demand of the building. The thermal energy collected from the PVT 
collector is used to provide DHW, a fraction of heating demand of the building during the 
heating period and to recharge the ground during the transition period in order to achieve an 
annual thermal balance of the ground. The electricity generated by the PVT collector can be 
used to drive the operation of the GSHP-PVT system while the extra electricity generation 
can be exported to the grid. 
2.2 System modeling 
To facilitate the development of the design optimization strategy, a virtual simulation 
system of this GSHP-PVT system was developed using TRNSYS [28]. This simulation 




design parameters to support the dimension reduction analysis and the ANN performance 
model training and validation.  
The major component models used to develop the simulation system were the standard 
models provided in the TRNSYS library. They included a water-to-water heat pump model 
(Type 927), a vertical U-tube GHE model (Type 557a), a water tank model with immersed 
heat exchangers (Type 534), water circulation pump models (Type 110 for variable speed 
pumps and Type 114 for constant speed pumps), and an electric water heater model (Type 6). 
In order to simulate the performance of both glazed and unglazed water-based PVT 
collectors, a new PVT model (i.e. Type 500) was created by combining the mathematical 
models presented by Anderson et al. [29] and Fudholi et al. [30].  
The thermal performance of the PVT collector was simulated using the Hottel-Whillier 
equations. The useful thermal energy (Qu) of the PVT collector is calculated using Eq. (1) 
[31], in which the overall collector heat loss coefficient (UL) is the sum of the edge (Ue), top 
(Ut) and bottom (Ub) loss coefficients [22]. 
[ ]( ) (T T )u pvt R PV L in ambQ A F G Uta= ⋅ − −                      (1) 
where Apvt is the collector area, FR is the heat removal efficiency factor, ( )PVta is the 
transmittance-absorptance of the PV cell, G is the incident solar radiation on the PVT 
collector, and Tin and Tamb are the PVT collector inlet fluid temperature and the ambient 
temperature, respectively.  
The edge and bottom loss coefficients can be determined using Eqs. (2) and (3), 
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where (UA)e is the edge loss coefficient-area product, and kins and Lins are the thermal 
conductivity and the thickness of the back insulation respectively, Ng is the number of the 
glass covers, hw is the convection heat loss coefficient due to the wind, σ ′  is the 
Stefan-Boltzmann constant, pe  is the plate emittance, ge  is the glass emittance, Tmp is the 
mean plate temperature, C, f, e are the coefficients which can be obtained following the 
method provided by Fudholi et al. [30], and hr and hc are the radiation heat loss and overall 
convection heat loss coefficients respectively which can be determined using the 
methodology provided in Anderson et al. [29]. 
The thermal efficiency ( thη ) and electrical efficiency ( pvη ) of the PVT collector can be 
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(1 ( ))pv r c rT Tη η γ= − ⋅ −                                (7) 




is the cell temperature, and Tr is the reference temperature.  
In the simulation, the PVT water pump was switched on when the incident solar 
radiation was over 300 W/m2 and the PVT mean plate temperature was 5 oC higher than the 
average water temperature in the water tank. The ground recharge was implemented when the 
water temperature in the tank during the transition period was over 30 oC. The amount of the 
thermal energy to be recharged into the ground was estimated based on the annual heat 
extraction and heat rejection from the GSHP system simulated using the same GSHP-PVT 
system but without using the ground recharge. Once the thermal energy transferred to the 
ground can maintain the annual ground thermal balance, the heat energy generated from the 
PVT collector during the transition period was used for DHW heating only. During the 
cooling period, the heat energy generated from the PVT collector was only used for DHW 
heating. During the heating period, the heat generated by the PVT collector was used for 
DHW heating and in the meantime, was used for space heating when the building had a 
heating demand and the water temperature in the water tank was over 40oC. The electric 
water heater was only used to heat the water from the water tank when there was a DHW 
demand and the water temperature in the tank was lower than the required temperature. The 
GSHP was used when there was a cooling demand or when there was a heating demand and 
the water temperature in the water tank was below 40oC. The supply and return chilled water 
temperatures of the GSHP system were assumed to be 7oC and 12oC in the cooling mode, and 




3. Dimension reduction using Morris global sensitivity analysis 
As there are many design parameters (Fig. 2) influencing the performance of the hybrid 
GSHP-PVT system, a dimension reduction strategy was first used to identify the key design 
parameters with a great impact on the performance of the GSHP-PVT system in order to 
facilitate the design optimization. As shown in Fig. 3, the dimension reduction process started 
with the generation of the input matrix by sampling the candidate design parameters based on 
the design constraints. The input matrix was used to design the simulation scenarios to 
determine the annual performance data of the GSHP-PVT system on the basis of the 
simulation system presented in Section 2. The simulation results were then used to calculate 
the LCC of the GSHP-PVT system based on the cost function estimator and the resulted LCC 
were used to generate the element effects, and the mean values and standard deviations of the 
element effects. The last step was to evaluate the influence of each candidate design 
parameter on the objective function by comparing the mean values and standard deviations in 
order to determine the key design parameters. 
3.1 Morris sensitivity analysis method 
In this study, Morris global sensitivity analysis was utilized for the dimension reduction 
as this method can handle a large number of parameters with a low computational cost, and 
can achieve a good compromise between the accuracy and efficiency [32]. The minimum 
number of simulations required for Morris sensitivity analysis method is determined by Eq. 
(8) [33]. 




where Ns is the number of simulations, k is the number of the elementary effects per 
parameter, and j is the number of design parameters. 
From Morris analysis, two sensitivity indicators, i.e. mean value (μ) and standard 
deviation (σ) of the absolute values of the elementary effects as defined in Eqs. (9) and (10) 
respectively, can be obtained [33]. The mean value is used to estimate the main influence of 
the input parameter on the output while the standard deviation is used to evaluate the 
interactions among the parameters or the non-linear effects. In the Morris method, the factors 

















= −∑                             (10) 
where EE is the elementary effect, and k is the number of the elementary effects investigated 
for each parameter. 
The elementary effect EE is derived from a model y=y(x1 ,…, xj) with j input 
parameters, i.e. x1,…, xj. The EE for the ith input parameter at the kth sampling point is 
calculated by Eq. (11) [35]. 
(k) (k) (k) (k) (k) (k) (k) (k)
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The successful use of Morris sensitivity analysis method is dependent on proper 
sampling of each input parameter within its defined range. In this study, Latin hypercube 
sampling method was used for this purpose, which can generate a certain number of 




of the Morris method [34].  
3.2 Objective function 
The objective function used in the dimension reduction was the 20-year life cycle cost 
(LCC) of the GSHP-PVT system in the net present value. The LCC generally includes the 
initial cost (IC), operation cost (OC), maintenance cost (MC), replacement cost (RC) and 
residual cost (DC), as expressed in Eq. (12) [36, 37]. In this study, the initial cost was 
determined by Eq. (13), in which the upfront costs of GHEs, PVT collector and water tank 
were determined using Eqs. (14)-(16), respectively. The 20-year operational cost was 
determined using Eq. (17) [37], in which the annual operational cost was determined using 
Eq. (18). The 20-year maintenance cost was determined using Eq. (19) [37], in which the 
annual maintenance cost was determined using Eq. (20). In this study, the replacement cost 
was not considered and the residual cost was also not considered due to the lack of the 
information on calculating the salvage values of the GSHP system and the PVT collector.  
LCC IC OC MC RC DC= + + + +                            (12) 
GHE HP PVT TK Pu WHIC IC IC IC IC IC IC= + + + + +               (13) 
GHE p p b bIC C L C L= +                                    (14) 
PVT PVT PVTIC C A=                                       (15) 
1 2Tk TKIC AV A= +                                      (16) 
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= ⋅                                 (19) 
ma ma cC M A= ⋅                                         (20) 
where pC  is the cost of the U-tube per meter, pL  is the total U-tube length within all 
boreholes, bC  is the drilling cost and grouting cost per meter, bL  is the total borehole 
length, PVTC  is the cost of the PVT collector per square meter, PVTA  is the area of the PVT 
collector, TKV  is the volume of the water tank, A1 and A2 are the coefficients which were 
determined based on the tank prices of various volumes, r  is the discount rate, opC  is the 
annual operational cost, iconE  and 
i
genE  are the electricity consumption and generation of 
the system at the ith simulation time step, respectively, EBC  and ESC are the electricity buy 
and sell prices per kWh, respectively, N is the total number of simulation time steps, maC  is 
the annual maintenance cost of the system, maM  is the annual maintenance cost per square 
meter, Ac is the air conditioned floor area of the building, and the subscripts GHE, HP, PVT, 
TK, Pu and WH represent the ground heat exchanger, heat pump unit, photovoltaic thermal 
collector, water tank, water pump and water heater, respectively. 
3.3 Constraints  
In this study, the following constraints were applied in the dimension reduction. The 
minimum area of the PVT collector was determined based on the thermal energy required to 




energy to be recharged into the ground was estimated based on the simulation assumptions 
described in Section 2.2. The maximum value was determined based on the north rooftop 
area of the building. The variation ranges of the other design parameters of the PVT collector 
were determined based on the data used in previous studies [29, 30, 38-44], and the details 
are presented in Section 5. 
The capacity of the GSHP system was determined to satisfy the heating and cooling 
demand of the building at the design condition. The estimated total length of the vertical 
GHEs was associated with the design load and the design heat flux through GHEs. The 
acceptable range of the heat flux is dependent on the thermal conductivity of the soil on the 
site [45]. The variation ranges of the geometrical parameters such as the number of boreholes, 
borehole depth, and the distance between boreholes were determined based on the 
recommended values from practical engineering projects [45-47]. 
The volume of the water tank was determined based on the estimated daily average hot 
water consumption of the building according to the Australian and New Zealand Standard for 
Heated Water Services [48]. 
4. Development of the model-based design optimization strategy 
4.1 Outline of the optimization strategy 
The primary aim of the design optimization was to determine the optimal values of the 
key design parameters to minimize the 20-year life cycle cost (LCC) of the GSHP-PVT 
system in terms of the net present value. The outline of the optimization strategy is illustrated 




identified through the dimension reduction. In this strategy, an ANN model was used to 
predict the system performance under different working conditions and a GA was used as the 
optimization technique to identify the optimal solution of the optimization problem to 
minimize the cost function. The same cost function and constraints as those used in the 
dimension reduction strategy were used as the optimization objective and optimization 
constraints, respectively. 
4.2 Development of the ANN performance model  
In this study, a multi-layer feedforward ANN model, as shown in Fig. 5, was used as the 
performance model to facilitate the design optimization. This model consisted of neurons in 
the input layer for the key design variables determined through the dimension reduction, two 
hidden layers and one output layer with the annual operational cost of the system. The model 
structure was determined through trial and error tests to ensure that it can provide a relatively 
fast and good convergence. Latin hypercube sampling method was also used to generate a 
relatively small but a representative number of scenarios with different combinations of the 
input parameters (i.e. key design parameters). The design scenarios were then simulated 
using the simulation system developed in order to generate a number of datasets for the ANN 
model training and validation. The ANN model was trained using the Levenberg–Marquardt 
(LM) and Bayesian regularization algorithms.  
5. Performance test and evaluation 
5.1 Setup of the test 




of 200 m2 was used as the case building for evaluating the performance of the proposed 
design optimization strategy. Fig. 6 illustrates the building model developed using 
DesignBuilder and the resulted building load profile based on the International Weather for 
Energy Calculations (IWEC) of Melbourne, Australia. It can be seen that the annual heating 
demand of the house was significantly higher than the cooling demand under the Melbourne 
climatic conditions. Based on the heating and cooling demand of the house at the design 
condition, the water-to-water heat pump unit can then be determined. Table 2 lists the major 
parameters of the heat pump unit considered, which was selected according to the product 
specification available from a manufacturer [50].  
Table 3 summarizes the cost values of the input parameters used to calculate the 20-year 
LCC of the GSHP-PVT system. The material costs of the PVT collector, the costs of the GHE 
U-tube pipe, the water circulation pumps, the water tank and the electric water heater were 
referred to the wholesale price provided on the alibaba.com website [51]. The drilling and 
grouting costs of the GHEs were obtained from a previous study [47], and the cost of the heat 
pump unit was sourced from a manufacturer [41]. The electricity price for residential 
buildings in Melbourne considered was 0.26 $/kWh and any extra electricity generated by the 
PVT collector can be sold back to the grid with a price of 0.05 $/kWh according to the 
feed-in tariff scheme in Victoria 2016 [52]. The discount rate was chosen according to the 
value provided by Trading Economics [53].  
The constraints for the candidate design parameters used are summarized in Table 4, 




soil conditions, and the house cooling and heating demand. 
As each design case has a different fluid mass flow rate, the three water pumps used 
were sized for each case based on the design fluid mass flow rate and the calculated pipe 
network resistance. In this study, the PVT circulation pump and the water pump in the GSHP 
source side used were constant speed pumps while that used in the GSHP load side was a 
variable speed pump. The design heat flux through the GHEs obtained from the study of 
Lhendup et al. [54], was used to estimate the total length of the vertical GHEs, due to the 
same soil condition. The total number of boreholes was associated with the borehole depth. 
During the simulation, DHW was set to be required between 7:00 and 10:00, and 17:30 and 
21:30 with a flow rate of 16 L/h [55]. 
The values of other parameters used in this case study are summarized in Table 5, which 
were maintained constant in this study. The PVT related parameters were derived from the 
study of Fudholi et al. [30] and the GHE related parameters were derived from Lhendup et al. 
[54].  
5.2 Dimension reduction results 
In order to carry out the dimension reduction analysis, the models for glazed and 
unglazed PVT collector were first validated using the data reported by Anderson et al. [29], 
and the validation results are presented in Fig. 7. It can be observed that the model predicted 
thermal efficiency and the electrical efficiency of the PVT collector against the ratio of the 
temperature difference (Tin-Tamb) to the global radiation incident on the collector surface (G) 




the model predicted and measured thermal efficiency were 1.0% and 4.5%, while those 
between the predicated and measured electrical efficiency were 1.9% and 2.1% for the glazed 
and unglazed PVT collector, respectively. The validation results indicated that the models for 
the PVT collector used can provide an acceptable estimation and can satisfy the purpose of 
this study. 
The relative sensitivities of the 16 candidate design parameters as listed in Table 4 to the 
objective function (i.e. 20-year LCC) of the hybrid GSHP-PVT system were then analyzed. 
For all candidate design parameters, two discretized values were used for the PVT type (i.e. 
glazed and unglazed), and five discretized values were used for the other parameters, which 
were generated using the Latin hypercube sampling method within their corresponding 
constraints. The total number of the simulation cases was then determined using Eq. (8).  
The results from the Morris sensitivity analysis are shown in Fig. 8. It can be seen that 
the area of the PVT collector (i.e. factor 1) was the most influential design parameter on the 
LCC of the GSHP-PVT system with the highest mean value and standard deviation. The 
second most influential design parameter was the PVT type (i.e. factor 2), followed by the 
ratio of the tube width to the spacing (i.e. factor 8), the borehole depth (i.e. factor 10) and the 
circulation fluid mass flow rate per PVT tube (i.e. factor 9). The remaining parameters can be 
considered as the parameters with a less impact on the LCC of the GSHP-PVT system and 
the constant values (see Table 6) determined based on the existing studies and design 




5.3 Performance evaluation of the design optimization strategy 
5.3.1 ANN model validation 
In this study, the total number of the datasets used for the ANN model training was 30 
times of the number of the key design variables, which was considered to be sufficient to 
accurately sample the search space of the design variables [56]. Another 30 datasets were 
used to validate the effectiveness of the ANN model. Each dataset corresponded to a 
simulation scenario with different combinations of the key design parameters identified 
through the dimension reduction analysis. Therefore, a total number of 180 scenarios were 
designed and simulated using the simulation system developed in Section 2.  
Fig. 9 presents the results of the ANN model validation. It can be observed that the 
model predicted annual operational costs of the GSHP-PVT system agreed well with the 
results generated from the simulation system with R2 of 0.998. This indicated that the ANN 
model used was able to provide an acceptable prediction of the system performance within 
the range of the training data covered. It is worthwhile to note that the accuracy of the ANN 
model is highly dependent on the training data used and the use of the ANN model beyond 
the range of the training data used may result in significant errors. 
5.3.2 Design optimization results 
The five key design parameters were then globally optimized using the model-based 
optimization strategy. The maximum number of the generations used in the optimization was 
300, which was determined based on trial and error tests. The variances of the fitness 




fitness value was gradually stable after 250 generations. The optimal solutions of the design 
problem identified are summarized in Table 7 and are compared with those of two baseline 
design cases. In the baseline case I, the key design parameters were obtained from an earlier 
study [20] and the unglazed PVT collector was used. In the baseline case II, the glazed PVT 
collector was used instead of using the unglazed PVT collector while the remaining design 
parameters were the same as those of the baseline case I. The other design parameters except 
the five key design parameters used in the three design cases can be found in Tables 2, 5 and 
6. From Table 7, it can be seen that the baseline case II with the glazed PVT collector can 
reduce 11.1% of the 20-year LCC of the GSHP-PVT system as compared to the baseline case 
I using the unglazed PVT collector. The optimal design identified by the proposed strategy 
was able to reduce the 20-year LCC by 20.1% and by 10.2%, in comparison to the baseline 
case I and baseline case II, respectively. From Table 7, it can also be observed that the total 
initial cost and the operational cost of the system under the baseline design case I were both 
higher than that under the optimal design case. The optimal design case saved the initial cost 
of $7,515 and the operational cost of $9,341 respectively, as compared to the baseline design 
case I. The baseline design case II saved $541 more operational cost as compared to the 
optimal design case, but required $8,141 more initial cost. The annual CO2 emissions of the 
system under the optimal design case and the two baseline design cases were also presented 
in Table 7. The CO2 emission factor for the consumption of the purchased electricity used was 
1.08 kg CO2/kWh [57]. It can be seen that the optimal design case and the baseline design 




(31.4%), respectively, when compared to the baseline design case I. The annual CO2 emission 
of the optimal design case was slightly higher than that of the baseline design case II. 
Fig. 11 presents the details of the total initial cost, monthly operational cost, monthly 
electricity consumption and monthly electricity generation of the GSHP-PVT system when 
using the optimal design and baseline design parameters. It can be seen that the major 
difference in the initial cost of the system between the optimal design case and baseline 
design cases was the cost of the PVT collector. The cost of the PVT collector under the 
baseline design case I and baseline design case II were $7,515 and $8,141 higher than that 
under the optimal design case, respectively, mainly due to the use of a larger PVT collector 
area and a more compact arrangement of the water tubes (i.e. a relatively high D/W ratio) 
(Fig 11a)). The operational cost of the GSHP-PVT system under the optimal design case was 
always lower than that under the baseline design case I (Fig. 11 b)). The main reason for the 
lower operational cost was mainly because, in the optimal design case, the glazed PVT 
collector produced more thermal energy, in comparison to the baseline design case I using the 
unglazed PVT collector and even with a larger PVT collector area. This results in a lower 
electrical demand for producing DHW (Fig. 11 c)). Although the baseline design case I 
generated more electricity monthly (Fig. 11 d)) in comparison to the optimal design case, the 
gap between the electricity buy and sell prices made this benefit less obvious. The operational 
cost of the system under the baseline design case II was lower than that under the optimal 
design case in particular during the transition period (i.e. April and November). The 




case and the baseline design case II was relatively small (Fig. 11 c)). However the monthly 
electricity generation of the system under the baseline case II was always higher than that 
under the optimal design case (Fig. 11 d)), due to the use of a larger PVT collector area. It is 
worthwhile to note that, in this analysis, the priority of the thermal energy collected from the 
PVT collector was used for the ground recharging during the transition period. Therefore, the 
power consumption during the transition period was mainly resulted by the use of the electric 
heater for DHW supply. The results from the performance test and evaluation demonstrated 
the effectiveness of the proposed optimal design strategy for hybrid GSHP-PVT systems. The 
ANN model used was able to provide an acceptable estimation of the system performance 
and the GA was able to find the near optimal solutions of the optimization problem. However, 
the proposed strategy is generally computationally intensive in comparison to traditional 
rule-of-thumb design methods, due to the requirement of the extensive data for ANN model 
training and validation. This would be an obstacle of applying this strategy to real-world 
design. However, this design optimization strategy and the associated results can be used to 
facilitate the development of advanced and efficient design strategies that can be readily used 
in practice. 
6. Sensitivity study 
To understand the sensitivity of the optimization results to the PV cell price, drilling cost 
and electricity price, another simulation exercise was carried out in this study. Fig. 12 shows 
the variation in the 20-year LCC of the GSHP-PVT system with the optimal design 




significantly with the increase in the PV cell price and drilling cost, but decreased with the 
increase of the electricity sell price. The 20-year LCC did not show a remarkable sensitivity 
to the change of the electricity buy price. Table 8 summarizes the optimization results with 
the variations of different economic parameters. It is noted that the glazed PVT collector was 
identified as the optimal PVT collector type for all scenarios. From the results, it can be 
concluded that the change of the PV cell price, drilling cost and electricity buy price did not 
affect the optimization results significantly since the optimal values of the other four design 
parameters almost remained constant. However, the optimal area of the PVT collector 
increased from 54 m2 to 78 m2 when the electricity sell price increased from 0.05 $/kWh to 
0.30 $/kWh, which confirmed that a larger PVT collector area is economically beneficial to 
the hybrid GSHP-PVT system if the electricity generated by the system can be sold back to 
the grid with a higher price. 
7. Conclusions 
This paper presented a new design optimization strategy for a hybrid ground source heat 
pump system integrated with photovoltaic thermal collectors (GSHP-PVT). In this strategy, 
an artificial neural network (ANN) model was used for performance prediction and a genetic 
algorithm (GA) was used as the optimization technique. The 20-year life cycle cost (LCC) of 
the GSHP-PVT system was used as the optimization objective. 
This proposed design optimization strategy was evaluated through a case study. The 
ANN model was trained and validated using the datasets created through a number of 




reduction strategy using Morris global sensitivity analysis method. The results showed that 
the ANN model was able to provide acceptable estimations of the annual operational cost of 
the GSHP-PVT system with R2 of 0.998. The optimization results showed that the 20-year 
LCC of the GSHP-PVT system under the optimal design case was 20.1% and 10.2% lower 
than those of the two baseline design cases I and II, respectively. The sensitivity of the 
optimization results to the variations in the PV cell price, drilling cost and electricity buy and 
sell prices was also analyzed. It was shown that the PV cell price, drilling cost and electricity 
buy price had a limited impact on the overall optimization results. However, the electricity 
sell price greatly affected the optimal PVT collector area. This study demonstrated that the 
combination of ANN and GA could be potentially useful to formulate the design optimization 
strategies for hybrid GSHP-PVT systems. The proposed design optimization strategy could 
be potentially adapted to formulate the design optimization strategy for other complex energy 
systems. 
This study aimed to fill the research gap on the design optimization of hybrid 
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Table 1 Potential operation modes of the GSHP-PVT system 
Mode Description 
PVT for space heating and 
DHW heating 
Using the thermal energy generated from the 
PVT for space heating and DHW heating. 
GSHP for space heating/cooling 
Using the GSHP for space heating and 
cooling. 
PVT for ground recharge and 
DHW heating 
Using the thermal energy collected from 
the PVT to recharge the ground and for 
DHW heating. 
PVT for DHW heating only 
Using the thermal energy collected from the 
PVT for DHW heating only.  
 
Table 2 Summary of major design parameters of the heat pump unit 
Parameter Value 
Rated cooling/heating capacity (kW) 12.6/14.4 
Rated power consumption (kW) 2.8/2.72 
Rated water flow rate (m3/h) 2.3 
 
Table 3 Input parameters for the calculation of LCC of the system 
Component Value Source 
PVT collector   
Front glass ($/m2) 9.5 [51] 
PV cell ($/m2) 70 [51] 
Thermal absorber plate ($/m2) 52 [51] 
Water tube in the collector ($/kg) 10 [51] 
Back thermal insulation ($/m2) 2.1 [51] 
Back plate ($/m2) 6.3 [51] 
Manufacturing cost ($/m2) 27 [58] 
GSHP system   
U-tube pipe ($/m)   
  20 mm outer diameter 0.65 [51] 
  25 mm outer diameter 1.10 [51] 
  32 mm outer diameter 1.36 [51] 
  40 mm outer diameter 2.10 [51] 
Drilling ($/m) 75 [47] 
Grouting cost ($/m) 8 [47] 
Heat pump unit ($/each) 6000 [47] 
Others    
Water circulation pump ($/each) 150-500 [51] 
Electric water heater ($) 400 [51] 





Table 4 Candidate design parameters and their constraints used 
Controllable parameters Ranges 
1 Area of PVT collectors, Apvt (m2) [30, 78] 
2 Type of PVT Glazed or unglazed 
3 Absorber plate thickness, Labs (m) [0.0002, 0.002] 
4 Absorber thermal conductivity, kabs (W/m.K) [50, 300]  
5 Insulation thickness, Lins (m) [0.05, 0.1]  
6 Insulation conductivity, kins (W/m.K) [0.03, 0.1]  
7 Outer diameter of water tube, D (m) [0.01, 0.02]  
8 Ratio of tube width to spacing, D/W [0.1, 0.7]  
9 Circulating fluid mass flow rate per PVT tube, mpvt (kg/s) [0.002,0.01]  
10 Borehole depth, Hb (m) [40, 120]  
11 Borehole distance, B (m) [3,10]  
12 Borehole radius, rb (m) [0.05, 0.12]  
13 U-tube outer radius, ro (m) [0.01, 0.02] 
14 Grout material conductivity, kg (W/m.K) [0.5, 2.5]  
15 Half shank space, xc (m) [0, rb-2ro]  
16 Volume of the water tank, VTK (L) [200, 400]  
 




Absorptivity of plate 0.9 
Emittance of plate 0.95 
Emittance of glass cover 0.88 
Transmittance of glass cover 0.9 
Electrical efficiency at standard conditions (%)  13 
Collector tilt (o) 30 
GHE 
related 
U-tube material conductivity (W/(m.K)) 0.4 
Initial ground temperature (oC) 15.9 
Ground thermal conductivity (W/(m.K)) 2.23 
Ground heat capacity (KJ/(m3 K)) 2,300 










Table 6 Low sensitivity parameters and values used [30, 40, 47] 
Parameters Values 
Absorber plate thickness (m) 0.002 
Absorber thermal conductivity (W/(m.K)) 51 
Insulation thickness (m) 0.05 
Insulation conductivity W/(m.K) 0.045 
Outer diameter of water tube (m) 0.012 
Borehole distance (m) 8 
Borehole radius (m) 0.06 
U-tube outer radius (m) 0.0125 
Grout material conductivity (W/(m.K)) 2.42 
Half shank space (m) 0.025 
Volume of the water tank (L) 250 
 









Apvt (m2) 66 66 54 
PVT type Unglazed Glazed Glazed  
D/W 0.4 0.4 0.1 
mpvt (kg/s) 0.008 0.008 0.002 
Hb (m) 40 40 81 
IC ($) 50,434 51,060 42,919 
OC ($) 24,725 14,843 15384 
MC ($) 8,564 8,564 8,564 
20-year LCC ($) 83,723 74,467 66,867 
Savings in  
20-year LCC (%) 
- 11.1 20.1 
Annual CO2  
emission (kg/year) 
5506.9 3775.6 3881.6 
Savings in annual 
CO2 emission (%) 










Table 8 The optimization results with the variations of different economic parameters 














40 53 0.13  0.002 82  63,742 
50 53 0.10  0.002 82  65,259 
60 55 0.12  0.003 81  66,141 
70 54 0.10  0.002 81  66,867 
80 55 0.11  0.002 83  67,664 
90 55 0.12  0.003 84  68,688 
100 54 0.10  0.002 83  69,184 
Drilling 
($/m) 
35 56 0.10  0.003 81  61,835 
45 54 0.11  0.003 80  62,966 
55 54 0.11  0.001 82  64,471 
65 54 0.10  0.003 80  65,591 
75 54 0.10  0.002 81  66,867 
85 56 0.10  0.002 82  68,454 




0.15  54 0.10  0.002 82  66,336 
0.20  53 0.10  0.003 82  66,503 
0.25  54 0.11  0.002 81  66,726 
0.30  54 0.10  0.003 80  67,026 
0.35  55 0.12  0.002 83  67,335 




0.05  54 0.10  0.002 81  66,867 
0.10  68 0.10  0.003 82  65,103 
0.15  75 0.12  0.003 83  63,356 
0.20  77 0.11  0.002 81  61,626 
0.25  78 0.11  0.003 83  59,235 
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Fig. 1 Schematic of the proposed GSHP-PVT system. 
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Fig. 3 Dimension reduction process. 
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Fig. 4 Outline of the optimization strategy. 
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a) House model 
   
b) Simulated house load profile 
Fig. 6 Illustration of the house model and the simulated load profile. 
   
  a) Glazed PVT                           b) Unglazed PVT 






Fig. 8 Results from the Morris sensitivity analysis. 
 
 

























































Fig. 10 Variations of the penalty value of the best individual in each generation. 
 
   
             a) Total initial cost                   b) Monthly operational cost 
   
     c) Monthly electricity consumption           d) Monthly electricity generation 
Fig. 11 Initial cost and the annual performance of the GSHP-PVT system under the 
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